In recent years, biofilms have become a central subject of research in the fields of 21 microbiology, medicine, agriculture, or systems biology amongst others. The 22 sociomicrobiology of multispecies biofilms, however, is still poorly understood. Here, we 23 report a screening system that allowed us to identify soil bacteria, which induce 24 architectural changes in biofilm colonies when cocultured with B. subtilis. We identified 25 the soil bacterium Lysinibacillus fusiformis M5 as inducer of wrinkle-formation in B. 26 subtilis colonies mediated by a diffusible signaling molecule. This compound was 27 isolated by bioassay-guided chromatographic fractionation. The elicitor was identified to 28 be the purine hypoxanthine using mass spectrometry and nuclear magnetic resonance 29 (NMR) spectroscopy. We show that the induction of wrinkle formation by hypoxanthine is 30 not dependent on signal recognition by the histidine kinases KinA, KinB, KinC, and KinD, 31 which are generally involved in phosphorylation of the master regulator Spo0A. 32 Likewise, we show that hypoxanthine signaling does not induce the expression of 33 biofilm-matrix related operons epsA-O and tasA-sipW-tapA. Finally, we demonstrate that 34 the purine permease PbuO, but not PbuG, is necessary for hypoxanthine to induce an 35 increase in wrinkleality of B. subtilis biofilm colonies. Our results suggest that 36 hypoxanthine-stimulated wrinkle development is not due to a direct induction of biofilm-37 related gene expression, but rather caused by the metabolic changes derived from the 38 excess of hypoxanthine in B. subtilis cells. 39 40 3 IMPORTANCE 41
and showcase L. fusiformis as a soil bacterium that is able to live alongside B. subtilis 48 and modify the architecture of its biofilms.
INTRODUCTION
showed a marked increase in the formation of wrinkles compared to its pure colonies 144 ( Fig. 1 ). Furthermore, when single strain colonies of these soil-derived isolates were 145 grown close to B. subtilis colonies, the induction of wrinkle formation could be observed 146 in the areas of the B. subtilis colony that are closest to the soil strain, but not in the other 147 regions of the colony (Fig. 1) . These results suggest that the aforementioned bacteria 148 produce signals that can induce an increased architectural complexity in B. subtilis 149 colony biofilms. 153 In order to elucidate if the observed induction of wrinkle formation is caused by a 154 diffusible signal molecule or due to direct cell-cell interactions, we designed an assay to 155 test the cell-free supernatants of the selected soil strains. In this assay, we used cotton 156 discs infused with cell-free supernatant to simulate colonies of the tested soil strains. conditions (Fig. 2) . We concluded that the induction of wrinkle formation was due to a 167 diffusible signaling molecule produced by these soil organisms. 168 Using 16S rRNA locus sequencing, we characterized those soil strains whose 169 supernatant could best stimulate wrinkle formation in B. subtilis. The majority of the 170 sequenced strains were found to be members of the same phylogenetic family as B. 171 subtilis, such as Bacillus pumilus or L. fusiformis. The only exception was a strain 172 identified as the γ-proteobacterium Acinetobacter variabilis. 173 174 Hypoxanthine was identified in the supernatant to be responsible for wrinkle 175 induction. 176 The clearest and strongest induction of wrinkle formation was observed in the 177 supernatant of the soil derived strain identified as L. fusiformis M5. For this reason, we 178 decided to further investigate the respective signaling molecule produced by this 179 bacterium using a colony wrinkleality assay. Bio-assay-guided fractionation allowed then 180 to identify a compound from L. fusiformis M5 that induced a similar phenotype as 181 observed when B. subtilis and L. fusiformis M5 were co-cultured. To this end, 182 supernatant of L. fusiformis M5 was lyophilized and fractionated using Sephadex G20 as 183 stationary phase. Each fraction was applied to cotton discs and placed on an agar plate 184 in the vicinity of B. subtilis. The fraction that induced wrinkle formation was sub-185 fractionated by high-performance liquid chromatography (HPLC) using a hypercarb 186 column as stationary phase. Repeating this procedure led to the isolation of a 187 homogeneous compound whose structure was subsequently elucidated via a 188 combination of nuclear magnetic resonance (NMR) spectroscopy and high-resolution 189 mass spectrometry (HR-MS). Finally, hypoxanthine was identified as the inducer of wrinkle formation. We further validated our findings using commercial hypoxanthine, 191 which showed the same properties as the isolated hypoxanthine ( Fig. 3 Spo0A via a phosphorelay depending on the environmental signals (11, 15, 34) . We
200
wanted to determine if any of these kinases is involved in hypoxanthine-mediated 201 induction of wrinkles. Therefore, we compared the effect that the supernatant of L. 202 fusiformis M5 has on kinase-mutant strains of B. subtilis using our colony wrinkleality 203 assay. We expected that, should one of these kinases be responsible for sensing 204 hypoxanthine, the corresponding mutant strain would no longer show increased colony 205 wrinkleality. Interestingly, all the mutant strains were still able to develop highly wrinkled 206 colonies when exposed to the supernatant (Fig. 4 ). This result indicates that Changes in the expression levels of these operons are associated to a maturating To further examine if biofilm matrix-related genes are involved in the induction of 217 wrinkles by hypoxanthine, we monitored the expression of P epsA -gfp and P tapA -gfp 218 fluorescent reporter fusions in colonies of B. subtilis using our colony wrinkleality assay.
219
Fluorescence emission was examined only in the sections of the colonies directly 220 adjacent to the cotton discs at 3 time points: (i) when B. subtilis has encircled the discs 221 (40 hours), (ii) when the colony started to expand from the disc and showed the onset of 222 wrinkle formation (50 hours), and (iii) when the colony has developed wrinkles and 223 expanded (65 hours). The examined strains also carried a P hyperspank -mKATE reporter 224 fusion to adjust for colony growth. Under these conditions, the expression from P epsA and 225 P tapA in these colonies showed no statistical differences when exposed to cotton discs 
229
Taken together, these results suggest that the increased colony wrinkleality induced by 230 hypoxanthine is not directly associated to biofilm matrix-related gene expression.
232
The permease PbuO is necessary for hypoxanthine-induced development of 233 wrinkles. 234 We hypothesized that the observed induction of wrinkle formation may be due to 235 metabolic effects on B. subtilis cells derived from an excess of available hypoxanthine 236 provided by the culture supernatant of L. fusiformis M5, rather than to direct signal-237 dependent expression of biofilm-related genes. In this case, hypoxanthine alone would be sufficient to induce increased wrinkleality, and its uptake by B. subtilis would be 239 necessary for this phenomenon.
240
Different concentrations of hypoxanthine (as solution in 0.05 N NaOH) were able to 241 induce the formation of wrinkles in B. subtilis colonies as efficiently as the supernatant of 242 L. fusiformis M5. To test whether hypoxanthine internalization is required for the 243 observed wrinkle induction in B. subtilis, we analyzed mutant strains of B. subtilis that 244 lack pbuG or pbuO. PbuG is a previously described hypoxanthine/guanine permease 245 (37), while PbuO is a protein paralogous to PbuG annotated as a putative purine 246 permease (see SubtiWiki: http://subtiwiki.uni-goettingen.de/index.php). These strains 247 were studied with our colony wrinkleality assay. The hypoxanthine inducing effect 248 disappeared when pbuO alone, or in combination with pbuG, was deleted ( Fig. 6 ).
249
These final results demonstrated that hypoxanthine uptake is important for induction of 250 wrinkle formation and PbuO is mainly responsible for the observed effect under our 251 experimental conditions.
DISCUSSION

253
In this work, we identified a chemical sensing mechanism between B. subtilis and other 254 soil bacteria that promotes architectural complexity in colony biofilms. We devised a 255 screening system that allowed us to analyze a collection of soil bacteria, selecting those 256 that could form stable multispecies communities with B. subtilis. Using this screening 257 system, we identified L. fusiformis M5 as a bacterium inducing an increase of colony 258 wrinkleality in B. subtilis via hypoxanthine as chemical cue.
260
Hypoxanthine is a purine that plays an important role in the pentose phosphate salvage 261 pathway, which is a mechanism for cells to interconvert nucleosides and nucleobases 262 according to their metabolic needs (38, 39) . In B. subtilis, hypoxanthine is particularly L. fusiformis is a free-living bacterium that can be isolated from soil and has been 281 studied due to its production of interesting secondary metabolites and bioremediation 282 potential (45-47). Here, we have identified a strain of L. fusiformis able to produce and 283 excrete hypoxanthine in sufficient levels to induce the formation of wrinkles in biofilm 284 colonies of B. subtilis. We found no evidence that this phenomenon is dependent on Kin 285 kinases signal transduction, and the expression levels of the matrix-component-related 286 operons epsA-O and tapA-sipW-tasA remained equal when B. subtilis was exposed to 287 the supernatant of L. fusiformis M5. However, a knock-out mutant of the 288 hypoxanthine/guanine permease, PbuO, lost the ability to form heavily wrinkled colonies.
289
A pbuGmutant strain showed comparable or in rare cases slightly reduced wrinkle 290 formation, while a pbuOstrain completely lost the ability to form wrinkled colonies when 291 exposed to hypoxanthine. Based on these results, we conclude that hypoxanthine 292 induces the formation of wrinkles in colony biofilms of B. subtilis not by inducing the 293 expression of biofilm-related genes, but rather by metabolic effects derived from the 294 excess of available hypoxanthine. In this regard, we note that an excess of hypoxanthine 295 can cause oxidative stress and cell death in eukaryotic cells (40, 41), while localized cell 296 death can lead to the formation of wrinkles in colonies of B. subtilis by providing an 297 outlet for mechanical forces that shape the developing biofilm (13). Thus, we 298 hypothesize that the hypoxanthine provided by L. fusiformis induces cell stress and 299 possibly cell death in B. subtilis, which leads to the formation of wrinkles as a mechanical consequence. This is in accordance with the fact that the observed 301 development of wrinkles only occurs in the interaction zone between colonies of these 302 organisms (Fig. 1) , or in the proximity of the cotton discs during our colony wrinkleality 303 assays ( Figs. 4 and 6 ). This development of wrinkles does not happen in the rest of the 304 B. subtilis colony, presumably due to a lower concentration of diffused hypoxanthine.
305
Importantly, this induction of increased wrinkleality in B. subtilis may be a consequence 306 of regular metabolic processes of L. fusiformis, rather than a canonical signaling 307 mechanism intended to elicit a response in the receiver. Regarding hypoxanthine 308 production by L. fusiformis M5, we have previously sequenced this strain, finding genes 309 homologous to those known in other organisms to be responsible for hypoxanthine 310 synthesis and export (48), although more research is needed to establish its production 311 yield. However, we note that hypoxanthine can be produced by spontaneous 312 deamination of adenine, such as that present in the surroundings of decaying cells (49).
313
Unfortunately, our efforts to transform L. fusiformis M5 failed, preventing us to construct 314 mutants with altered hypoxanthine production.
316
In recent years, biofilm research has grown from an incipient field to a major area of 317 microbiological interest. Due to the high cell density of biofilms, social interactions are an 318 inherent characteristic of these microbial populations, regardless of whether they are 319 formed as single or multi-species communities (10, 27, 50, 51) . The interactions 320 between the organisms forming a biofilm are therefore an important aspect of this 321 research field, since they shape the development of these communities, be it by 322 intraspecies signaling, interspecies communications, or chemical cues derived from the 323 metabolism of community members, such as the case presented here. Further study of the sociomicrobiology of biofilms will lead to an increased understanding of these 325 communities as they form in nature, better enabling us to eliminate them when they are 326 noxious to human activities, or to promote them when needed for biotechnological 327 applications.
MATERIAL AND METHODS
329
Strains, media, and general culture conditions. 330 All strains used in this study are listed in Table 1 . When fresh cultures were needed, 331 these strains were pre-grown overnight in Lysogeny broth medium (LB-Lennox, Carl 332 Roth; 10 g L -1 tryptone, 5 g L -1 yeast extract, and 5 g L -1 NaCl) at 37°C and shaken at Antibiotics were used at the following final concentrations: kanamycin, 10 µg mL -1 ; 349 chloramphenicol, 5 µg mL -1 ; erythromycin-lincomycin, 0.5 µg mL -1 and 12.5 µg mL -1 350 respectively; ampicillin, 100 µg mL -1 ; spectinomycin, 100 µg mL -1 ; tetracycline, 10 µg 351 mL -1 . Specific growth conditions are described in the corresponding methods section. Importantly, all 2×SG plates used in this study were prepared with 25 mL of medium, Strain construction. 362 All B. subtilis strains generated in this work were obtained via natural competence 363 transformation (53) using genomic or plasmid DNA from donor strains as indicated in 364   Table 1 . Briefly, overnight cultures of the receiver strains were diluted to a 1:50 ratio with 365 GCHE medium, these cultures were incubated at 37°C for 4 h with shaking at 225 r.p.m.
366
After this incubation period, 5-10 µg of genomic or plasmid DNA were mixed with 500 367 µL of competent cells and further incubated for 2h before plating on LB plates added 368 with selection antibiotics. Strain TB822 was obtained by using the Cre recombinase 369 expressed from plasmid pMH66 to eliminate the Erm R cassette of TB813, and 370 subsequently curating pMH66 via thermal loss of the plasmid (54). Briefly, TB813 was 371 transformed with 10 µg of pMH66, selecting transformants via incubation at 37°C on LB 372 plates added with tetracycline. Candidates were then screened for their capacity to grow 373 at 37°C on LB plates added with macrolide antibiotics (erythromycin-lincomycin), those 374 that were not able to grow were further incubated on LB plates at 43°C for 18 h to induce the loss of pMH66. Candidates that were then unable to grow at 37°C on LB plates 376 added with tetracycline were considered to have lost pMH66.
377
Successful construction of all used strains and plasmids was validated via PCR and 378 restriction pattern analysis using standard molecular biology techniques. All PCR 379 primers used in this study are listed in Table 2 . Primer pairs were used to amplify the 380 indicated loci (see Table 2 ), in order to confirm the proper mutation of the corresponding 381 gene. To confirm the correct construction of strains TB869 and TB870, primer oGFPrev2 382 was used in combination with oRGM38 (for sacA::P tapA -gfp) or oRGM40 (for sacA::P epsA -383 gfp). 1 g of each soil sample was suspended in 9 mL of a sterile 0.85% NaCl solution, and 50 395 μL of Tween 80 were added. The resulting suspensions were vortexed for 5 minutes at 396 maximum speed. The bigger soil particles were allowed to sediment by keeping the 397 suspensions still for 10 minutes. The supernatants were then diluted with sterile 0.85% 398 NaCl to 1:1000, 1:10 000 and 1:100 000 ratios. 50 and 100 μL of these dilutions were spread on LB and tryptone soya broth agar plates. These plates were incubated at 30°C Supernatant of different isolates were heated to 80°C for 15 min and filtered through a 
